Abstract. In this research, we studied the magnetic phase transition by Mössbauer spectroscopy and using vibrating sample magnetometer for amorphous Fe 86-x Zr 7 Cr x Nb 2 Cu 1 B 4 (x = 0 or 6) alloys in the as-quenched state and after accumulative annealing in the temperature range 600-750 K. The Mössbauer investigations were carried out at room and nitrogen temperatures. The Mössbauer spectra of the investigated alloys at room temperature are characteristic of amorphous paramagnets and have a form of asymmetric doublets. However, at nitrogen temperature, the alloys behave like ferromagnetic amorphous materials. The two components are distinguished in the spectrum recorded at both room and nitrogen temperatures. The low fi eld component in the distribution of hyperfi ne fi eld induction shifts towards higher fi eld with the annealing temperature. It is assumed that during annealing at higher temperature, due to diffusion processes, the grains of -Fe are created in the area corresponding to this component. Both investigated alloys show the invar effect and the decrease of hyperfi ne fi eld induction after annealing at 600 K for 10 min is observed. It is accompanied by the lowering of Curie temperature.
Introduction
Fe-based amorphous alloys are attractive since they exhibit excellent soft magnetic properties combined with high saturation magnetization. Fe-Zr-and Fe-Cr-based amorphous alloys are one of the groups of these materials and show complex magnetic structure and numerous anomalies [1, 2] , i.e. spin-glass, re-entrant spin-glass and invar effect. These anomalies are observed at low temperatures. Due to the lack of the long-range order of atoms in amorphous materials, the exchange interaction between magnetic moment fl uctuates which involves inhomogeneity of the local magnetization -spin frustration [3] . It is commonly known that the amorphous alloys are thermodynamically instable and their structure is changing during annealing even at relatively low temperature. Because of close correlation between the structure and properties of the amorphous alloys, their magnetic properties can be modifi ed by the proper annealing [4] . Magnetic ordering of amorphous alloys is strongly affected by their chemical composition and temperature [5] .
An excellent method for studying the microstructure, magnetic order and magnetization inhomogeneity of amorphous alloys is the Mössbauer spectroscopy because it permits one to elucidate Hyperfi ne interactions and some thermomagnetic properties of amorphous FeZr(Cr)NbBCu alloys the nature of both electric and magnetic hyperfi ne interactions of different resonating iron nuclei and to probe their immediate surroundings [6] .
In amorphous alloys, both quadrupolar and magnetic Mössbauer spectra show the line broadening due to structural disorder and can be interpreted in terms of local disorder. In the magnetically ordered alloys containing Fe, the distribution of hyperfi ne fi eld can be correlated with the distribution of Fe coordination.
The temperature of magnetic phase transition of amorphous alloys can be determined from thermomagnetic curves.
In this paper the results of structure and magnetic phase transition studies by Mössbauer spectroscopy and vibrating sample magnetometer (VSM) for amorphous Fe 86-x Zr 7 Cr x Nb 2 B 4 Cu 1 (x = 0 or 6) alloys in the form of ribbons 3 mm wide and 20 m thick prepared by a rapid solidifi cation are presented.
Experimental procedure
Ingots of alloys with nominal compositions Fe 86-x Zr 7 Cr x Nb 2 Cu 1 B 4 (x = 0 or 6) were prepared by melting of an appropriate amount of high purity elements in an arc melting furnace under the protective argon atmosphere. Obtained in this way, the samples were re-melted several times to achieve good homogeneity. Rapidly solidifi ed ribbons were produced in the controlled argon atmosphere.
The microstructure of the as-quenched and annealed ribbons was studied by X-ray diffractometry and Mössbauer spectroscopy. A Bruker-AXS, type D8 Advanced X-ray diffractometer with Cu anode and conventional Mössbauer spectrometer with a 57 Co(Rh) radioactive source were used. The spectrometer was calibrated at room temperature with 20 m thick -Fe polycrystalline foil. The transmission spectra were recorded at room temperature (298 K) and nitrogen temperature (77 K). Möss-bauer spectra were analysed by a Normos package according to the procedure developed in [7] .
The temperatures of the magnetic phase transition (Curie temperature T C ) were obtained by the derivation of thermomagnetic curves recorded by means of a vibration sample magnetometer (VSM) VersaLab (Quantum Design) system in the temperature range from 50 K up to 400 K at the magnetizing fi eld induction of 5 mT.
All studies were performed for pieces cut out from the ribbons in the as-quenched state and after accumulative annealing for 10 min at 600 K than at 700 K and 750 K in vacuum of 1.33 × 10 -3 Pa.
Results and discussion
In Fig. 1 Table 1 . The Mössbauer spectrum of as-received sample recorded at room temperature is characteristic of amorphous paramagnetic alloys and has a form of the asymmetric doublet ( Fig. 2.I-a) . This spectrum can be decomposed into a distribution of symmetric doublets with linear correlation between isomer shift (IS) and quadrupole splitting (QS) [8, 9] , and the single line (Fig. 2.I-b) with isomer shift equal to -0.10(1) mm/s (Table 1 ). This value of IS is close to that of fcc iron [10] . The Mössbauer spectrum of this sample recorded at 77 K is characteristic of amorphous ferromagnets and has a form of asymmetric sextets with broad and overlapped lines (Fig. 2.I-c) . The spectrum can be presented as a sum of two distributions of symmetric sextets with linear correlation between IS and magnetic hyperfi ne fi eld induction B hf [8, 9] . It is worth noticing that the main component in the hyperfi ne fi eld induction distribution ( Fig. 2 .I-d) has bimodal character with low and high fi eld overlapped components, characteristic of ferromagnetic amorphous alloys [4] .
The Mössbauer spectra and corresponding distributions of hyperfi ne parameters obtained for the sample of Fe 86 Zr 7 Nb 2 Cu 1 B 4 annealed at 600 K and then 700 K are depicted in Fig. 2 .II and Fig. 2 .III. From the analysis of these spectra performed in the same manner as for as-quenched sample, we have found that IS of the single line does not change after the annealing at 600 K and slightly increases after heat treatment at 700 K (Table 1) . However, its relative intensity increases with annealing temperature (Table 1 ). The average QS of the quadrupole distribution at fi rst decreases and then increases with annealing temperature. The similar relation is observed for average magnetic hyperfi ne fi eld induction (B hf ) for Fe 86 Zr 7 Nb 2 Cu 1 B 4 samples measured at 77 K. The decrease of B hf after annealing of sample at 600 K for 10 min is characteristic of materials exhibiting invar effect [11] . It is worth noticing that the average magnetic fi eld induction (<B hf > 1 ) of the main component decreases with annealing temperature. This is accompanied by a decrease of its intensity. Simultaneously, the separation of components in the main distribution of hyperfi ne fi eld induction is observed (Fig. 2 .II-d and Fig. 2.III-d) . The average value of magnetic fi eld induction (<B hf > 2 ) and the relative intensity of the minor component increase with the annealing temperature ( Table 1) .
The Mössbauer spectrum of the sample after substitution 6% at Fe by Cr atoms only slightly changes at both room and nitrogen temperatures [12] . After the annealing at 700 K, the isomer shift decreases up to -0.101(2) mm/s and remains constant after annealing at 750 K. It could be caused by the decrease of distances between Fe and Cr atoms or/and the increase of Cr concentration.
It is worth pointing out that the low fi eld component in the hyperfi ne fi eld induction distribution shifts towards higher fi elds. Furthermore, it can be assumed that after annealing at a higher temperature, the crystalline grains are created in the area corresponding to this component.
In order to determine the temperature of the magnetic phase transition (the Curie temperature T C ), the specifi c magnetization () at the magnetizing fi eld induction of 5 mT vs. temperature for the as-received alloys and after annealing was measured. To fi nd the Curie point, the derivative d/dT was numerically calculated (Fig. 4) .
It can be seen that an addition of 6 at.% Cr to Fe 86 Zr 7 Nb 2 Cu 1 B 4 alloy causes lowering of T C by 15 K. The Curie temperature distinctly decreases after annealing the samples at 600 K in comparison with the as-quenched state, and then, increases with annealing temperature (Fig. 4) . This behaviour coincides with the change of average hyperfi ne fi eld induction (Tables 1 and 2 ).
Conclusions
-The investigated alloys at room temperature, in both as-quenched state and after accumulative annealing, are paramagnetic amorphous materials. -The structure of alloys is complex and at least two components which are characterized by different QS i at room temperature and <B hf > i at nitrogen temperature can be distinguished. -The average hyperfi ne fi eld induction <B hf > 2 of minor component increases with annealing temperature. -It can be assumed that after the heat treatment above 760 K, the -Fe grains will be created in the area corresponding to the minor component. -Investigated alloys exhibit the invar effect and the decrease of the average hyperfi ne fi eld induction after annealing at 600 K was observed.
